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CHAPTER I 
· INTRODUCTION. 
Considerable study has been done on stannic oxi,de (Sno2) in recent 
years. Finding appropriate samples is difficult, as pure, laboratory 
grown, crystals are·relatively hard to come·by. Corning Glass Works (1) 
-~---
has been able to grow single.crystals from the vapor phase with volumes 
as large as 0.3 cubic centimeters. Obtaining optical parameters by the 
methods of transmission spectra analysis and specular reflectance (that 
part of the.reflection that obeys the law of reflection and is governed 
by the well-known Fresnel equation) analysis requires the use of su~h 
large smooth single crystals. At ·Oklahoma State University, sevex-al 
studies have been made using polycrystalline Sno2 ceramics which are 
relatively easy to produce in any size and shape. A large part of the 
reflection from these ceramics is diffuse reflection in which the light 
l~aves the surface traveling in all directions. In this type of reflec-
tion, the light .penetrates into the interior of the sample and its re-
emission depends to a large extent on the particulate'nature of the 
material. The light refleci;ed from a "perfectly diffusing" material 
obeys the Lambert cosine law which requires that the reflected radiation 
be distributed symmetrically with respect .to the surface normal'without 
regard to the angle of incidence. This study involves development of 
instrumentation for measurement of diffuse reflectance spectra from such 
ceramics and the means of obtaining optical properties from such infor-
1 
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mation. These optical properties will then be compared with those ob-
tained by other methods. 
Houston and Kohnke (2) have proposed an energy level scheme for 
grown Sno2 .single crystals showing a band gap of approximately 4.0 ev 
and other levels at 0.21 ev, 0.52 ev, 0.6 ev, 1.0 ev, 1.3 ev, and 1.8 ev 
below the conduction band. They also indicate that an unresolved level 
exists between 2.0 ev and the valence band. 
Summitt, Marley, and Borelli (3) studied the UV absorption edge in 
single crystals using polarized light with the electric field parallel 
to the optic~l axis (El IC) and with the electric field perpendicular to 
the optical axis (ElC). They report for EI/C a direct gap of 3.93 ev 
and an indirect gap of 3. 7 ev. For E .l C they found a direct gap of 3. 5 7 
ev and an indirect gap of 3.4 ev. They account for these differences by 
adopting two distinct band gaps 0.3 ev apart. 
Nagasawa and Shionoya (4) achieve the almost identical results of 
3.89 ev and 3. 7 ev for Ell C and 3.57 ev and 3.4 ev for El. C. From their 
-3 published graphs one can calculate a temperature shift of -1.2 x 10 
ev/°K for both polarizations in a temperature range of 295°K to 370°K. 
Lyashenko and Miloslavskii (5) studying Sno2 thin films, report a 
-4 0 temperature shift of -6 x 10 ev/ K for the fundamental absorption edge 
3 -1 
and an absorption coefficient of around 3 x 10 cm at 0.35 microns. 
-4 0 Kohnke (6) also reports a temperature shift of -6 x 10 ev/ Kon natural 
single crystals. 
Ishiguro, Sasaki, Ari and Imai (7) report an absorption coefficient. 
3 -1 
of around 9 x 10 cm for thin Sno2 films. 
Several members of the Solid State and Surface Studies Research 
Group at Oklahoma State University have reported effects, other than 
3 
optical'effects, that are related to the chemiso,:ption of oxygen on.Sno2 
surfaces. This study wil+ also involve a search for an optical charac~ 
teristic that can be identified with chemisorption of oxygen, as particu-
late.materials like Sno2 ceramics have a large effective ·surface area 
for. such·. chemisorption processes ,an<;l thus should be ideal for revealing 
an optical counterpart. 
CHAPTER II 
THEORY 
Of the many theories used to interpret diffuse reflectance spectra 
from particulate materials, in terms of conventional optical parameters, 
the model of Kubelka and Munk (K-M) (8) appears to be the most widely 
used. Many authors (9, 10, 11, 12) give English discussions of this 
work. The nomenclature and treatment given here follow reference 9. 
Consider a layer of thickness dx a distance x below the surface of 
a material composed of·absorbing and light-scattering particles whose 
dimensions are much. smaller than dx. This surface is illuminated with 
perfectly diffuse radiant flux whose normal com~onent into the surface 
is I. The normal component of the flux leaving the surface ~s J , 
0 0 
Considering the material to be an ideal diffuser (i.e., the intensity is 
the same in all directions) one can show that the average path length 
for the flux through the infinitesimal layer is 2dx. 
J 
0 
I 
0 
x=o 
Illuminated surface 
---
x=d unilluminated 
surface 
Figure 1. K-M Representation of a Layer of Absorbing and Light-
Scattering Particles 
4 
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Let e be the fraction of light absorbed per unit path length and cr 
be the fraction of light scattered per unit path length in the sample. 
If one considers the reduction in downward flux due to absorption and 
scattering from the initially downward radiation and then increases this 
by the downward.scattering of.an initially directed upward flux, one can 
write an equation for the differential change in the downward·intensity 
due to its passage through the layer dx, namely: 
dI = - (e + cr) I•2dx + crJ•2dx 
Likewise for the upward intensity through the layer 
dJ = (e + cr) J•2dx - crI•2dx 
letting K = 2e ands= 2cr we find the solutions to these differential 
equations have the form 
I A (1 - 13) ax + B (1 - 13) -ax = e e 
and 
J A (1 + 13) eax + B (1 - 13) -ax = e 
where 
1 
a 
-
[K(K + 2s)]~ 
and 
a k: s - K + 2s [K/ (K + 2s)] 2 
with A and B to be determined by the boundary conditions 
and 
I = 
I = I for x = o 
0 
I 
x=d' J = 0 for x = d 
The transmittance, T, of the layer is 
T 
upon substitution of 
that in the limit of 
we have 
I 
x=d 
I 
0 
the constants 
no scattering 
so 
and 
A and B. 
cr = o 
s =.o 
a. = K, s 
T = -Kd e 
4S 
It can be 
= 1 
6 
seen from this 
which is the Beer-Lambert law with K playing the role of the convention-
al absorption coefficient k. 
In a similar manner the diffuse reflectance is defined a,nd express-
ed as 
J 
R 
-
...1£:£. 
= I 
0 
When dis increased until no additional increase in R occurs (a few 
millimeters for powdered samples) then, setting d =~,we have 
R = 
00 
1 - [K/(K + 2s)]~ 
1 + [K/(K + 2s)]~ 
where R is this maximum reflectance. A little algebra leads to 
00 
K 
s 
(1 - R ) 2 
00 
2R 
00 
f (R ) 
00 
7 
which defines the Kubelka-Munk function or the remission fun(!tion f(R ). 
00 
Keeping in mind that O ~ R ~ 1, the above definition shows that f(R) 
00 00 
decreases as R increases. For the practical purposes of the present 
co 
study, f(R) = f(R) where R is the measured reflectance. All the ex~ 
00 
perimental specimens can be treated as having "infinite" thickness. 
Even though the theory is based on diffuse incident flux, it can be 
0 
shown (13) that a parallel beam at 60 from the normal satisfies the 
theory, since this gives the same average path through each layer dx. 
Experimentally, it has been found that for powdered samples (14) diffu-
sion within the sample is complete so parallel incidence at any angle 
gives the same results as are obtained from the more restrictive condi-
tions assumed in the above treatment. In contrast, for paper materials 
(15) the geometry significantly affects the reflectance because of orien-
tation of the fibers. 
It might again be noted that the K-M absorption coefficient, K, 'is 
not the same as the commonly used absorption coefficient in transmission 
experiments except in the limit of no scattering, The scattering coef-
ficient is not so easily identified, but as it increases, so does R, 
00 
For particle sizes, small compared to the wavelength, one might expect 
-4 the A dependence known as Rayleigh scattering and for large particles, 
8 
compared to the wavelength, the scattering would be expected to depend 
on reflection from the particle surfaces and be independent of the wave-
length. 
Tak~ng the logarithm of the remission function gives 
log f(R) = log K - logs 
00 
so a plot of log f(R) versus wavelength gives the plot of log K versus 
00 
wavelength shifted in the ordinate direction by an amount - logs which 
is expected to be constant or, at worst, a slowly varying function of 
wavelength when the particle size is large compared to the wavelength; 
With this particle size limitation, the log f(R) vs A plot is expected 
co 
to give a good representation of the absorption coefficient spectrum. 
Kortum, Bram, and Herzog (16) have tested the K-M theory and have 
confirmed the ordinate shift for various particle sizes with little 
change in the shape of the spectrum for particle sizes> A, They made 
transmission measurements on a didymium-glass filter and then ground 
the glass to various particle sizes upon which they made reflectance 
measurements. The transmission curve closely matches the remission 
function curves. They also found a linear dependence of scattering co-
efficient on grain size in this same region and determined absolute 
values for the scattering coefficient as a function of wavelength and 
particle size. 
Wendlandt and Hecht (9) refer to an investigation of Kortum and 
Oelkrug (17) in which they relate the scattering coefficient to frequen-
a h · 2 6 3 6 f · 1 · ' 1 cy as s~v were a is - • to • or average partic e size< A; -
for average particle size"' A; and - 0 to 1 for average particle size 
> A, Blevin and Brown (18) have investigated scattering in suspensions 
9 
and concluded that the "optimum particle diameter for light scattering 
is approximately equal to the wavelength of the light in the particle, 
regardless of the matrix." 
Another approach to the problem of relating optical parameters to 
diffuse reflectance uses a model in which the material is assumed td be 
composed of parallel layers and considers the reflection and absorption 
of these layers. Several of these statistical methods have been pro-
posed (19, 20) with the one by Johnson (21) being typical and commonly 
referred to (9, 11, 12). 
d / // 
t 
\ 
\ 
/ / ,./ ./·· ·' /// ,,,., .. 
//// //// 
Figure 2. Johnson's Parallel Layer Model 
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With m being the fraction reflected at each surface encountered, 
and neglecting any upward reflection from previously reflected rays, any 
scattering, and any refraction, one can write for the reflected inten-
sity 
I = I m + I 
0 0 
)yp -2kpd 
- m e 
where yp is the mean number of attenuating reflections which rays pass-
ing through 2p absorbing layers undergo, kin the conventional absorp-
tion coefficient, and dis the thickness of each layer (assumed to be 
the same as the diameter of the particles making up the layer). With 
some manipulation, including the formula for the sum of a geometric 
progression, one can arrive at 
R = 
2(1-m)y e-Zkd 
m [ + 1] 2kd-y ln(l-m) 
The quantity mis assigned a rather arbitrary value of 1.5 times that 
obtained from Fresnel's formula for normal incidence which corresponds 
to an average angle of incidence of around 30° and an index of refrac-
tion (n) in the range normally encountered, and y is determined by 
solving 
= ! + !.. m + ! m2 + ! m3 
2 4 6 8 
which normalizes the reflectance equation, thus requiring R = 1 for 
k = O. Normally y would be 4, but the above equation gives values less 
than 2. This process is intended to correct, at one time, for the ne-
11 
glect of refraction, scattering and the discarded reflections mentioned 
earlier~ The author gives graphs from which values of kd can be read if 
the reflectance and index of refraction are known, He limits the use-
fulness of this mo_del to values of reflectance between 0.2 and 0.8 and 
his tests, using pulverized materials of known k, show good agreement 
with expected values, 
Melamed (22) improved on Johnson's model by carrying out.the summa~ 
tion over individual particle reflections. Since particle geometry must 
be known, a close packed array of spherical particles of diameter d > A 
is assumed to represent a randomly shaped and oriented arrangement of 
real particles. His general solution for the reflectance of a thick 
sample is 
R = 
co 
x(l - 2x ffi )T (1 - m R) 
2x m e e co 
e + (1 ~ ffi R) - (1 - x)(l - ffi )TR 
e co e ~ 
where xis the fraction of the radiation which emerges from a particle 
and is scattered toward particles one particle distance closer to the 
surface, The evaluation of x assumes the close packing of spherical 
particles and small kd values, The quantity ffi is an average ~eflection 
e 
coefficient for the surface of a particle for externally incident radia-
tion and its evaluation involves the Fresnel relations and assumes an 
ideal diffusing surface, The quantity Tis the transmission of an indi-
vidual particle and is evaluated from 
with 
T = (1 - ffi.) M/(1 ~ ffi. M) 
I 1 
M = 2 1 - - kd 3 
and m. being an average reflection coefficient for internal radiation 
i 
and is found much like m. 
e 
12 
The results again are published graphs relating R, kd, and index of 
refraction n, from which k~ values can be read knowing the other quanti-
ties. The model was tested with a didymium-glass filter, as others have 
been, and shows good agreement between reflection and absorption methods. 
Although Wendlandt and Hecht (9) and Simmons (23) consider the 
Melamed model to be the best yet, Johnson (24) argues that the dependence 
of Ronn is incorrect and opposite that of 4is own model (21). However, 
Johnson admits that in the region of interest, 1.7 < n < 2.0, the models 
compare favorably. Simmons (23), in a very recent publication, using a 
treatment similar to Melamed, has arrived at a very simple expression 
R = 
relating the parameters of interest, which have the same meaning as be-
fore. His result is based on the common assumptions of ideal diffuser, 
d >. A, infinite thickness, and uniform spherical particles. His success, 
however, comes from the assumption of small absorption, applied at two 
places in his treatment, and in such a manner that they tend to counter-
act each other, thus making the result applicable for kd values of, per-
haps, 0.4 and smaller. 
The following table compares kd values from the Johnson, Melamed, 
and Simmons models with the first two being taken from published graphs 
and the latter calculated. In all cases, n was taken to be 2.0 which is 
approximately correct for Sno2 • 
The variation in the kd values given in this table confirms a belief 
of Johnson (24) who said "we do not believe that diffuse reflectance can 
13 
TABLE I 
A COMPARISON OF kd VALUES FROM JOHNSON, MELAMED, AND SIMMONS MODELS 
R kd 
Reflectance Johnson Melamed Simmons 
.90 .017 .0028 .0021 
.80 .035 .011 .0093 
.70 .060 .033 .024 
.60 .092 ,051 .049 
.so .132 .085 .090 
.40 .204 .153 .157 
.30 .332 .370 .272 
.20 • 705 .686 .486 
14 
be relied on as a highly precise method of determining absolute absorp-
tion". He did feel it feasible to be within 50%, however. 
In Figure 3 are plots of the K-M remission function and ·(lnR) 2 from. 
the Simmons model, versus reflectance, with the ordinate shifted to bring 
the high reflectance ends into coincidence. With n and d constant; 
(lnR) 2 is proportional to the absorption coefficient in the Simmons 
model, and is seen, in the region above 30% reflectance, to give the 
same shape curve as the remission function which is proportional to the 
K-M absorption coefficient K. The justification of using the remission 
function in place of the absorption coefficient is now apparent even 
though it can'.t be identified as such. Absolute values of the absorp-
tion coefficient may contain great uncertainty but the shape of the ab-
sorption spectra will show excellent agreement between models if the 
other assumptions of the modeis are met; name1y small values of kd and 
d > >.. 
... , 
, 
, 
, 
,, 
,, 
, 
., , 
, 
~ , 
, 
/ 
~. 
N 
101 
-a: ,o-t 
c 
-
,,. reflectance 
,o-3..1--------'---------+---------1---------t-------........ 
100 80 60 40 20 0 
Figure 3. A Comparison of K-M Remission Function With the 
Absorption Coefficient From Simmons Model 
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CHAPTER III 
INSTRUMENTATION AND EXPERIMENTAL DETAILS 
Many flux averaging devices suitable for diffuse reflectance meas-
urements have been proposed. Dunn (25) has designed and tested an 
ellipsoidal mirror reflectometer in which the sample and detector are 
at the focii of an ellipsoidal mirror, Derksen and Monahan (26) employ-
ed a hemispherical mirror and placed the sample and detector at conjugate 
points slightly displaced from the center of curvature and in a plane 
perpendicular to the optical axis of the mirror. Shibata (27) uses opal 
diffusing glass ahead of the sample and looks at the reflected light in. 
a specific direction away from the combination. 
The most widely used device and the one chosen for this work is the 
integrating sphere in which the inner surface of a sphere is coated with 
a "perfectly" diffusing material which assures that the illumination 
within it is uniform, The theory of the integrating sphere is old, but 
Jacquez and Kuppenheim (28) have recently covered the theory including 
errors due to holes in the sphere, method of use (comparison versus sub-
stitution), and flat as opposed to curved samples, Wendlandt and Hecht 
(9) have a chapter in their book on this suQject and include coatings for 
the sphere. Hardy and Pineo (29) discuss errors while Olson and Ponta-
relli (30) examine asymmetries of spheres. 
The various devices which incorporate integrating spheres can be 
classified as comparison, in which both the sample and a standard occupy 
1 j!, 
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a part of the sphere wall at the same time; and substitution, in which 
the sample and standard occupy the same part of the sphere wall but at· 
different times. 
In the comparison case, the incoming beam falls first on the sample 
(or standard) and then on the other and it can be shown (28, 9, 29) that 
r 
= 
_s_ 
rst 
where rs and r 8 t are the reflectances of the sample ~nd standard respec~ 
tively, B and B are the radiant fluxes passing through a small hole 
s st 
to a detector upon illumination of the sample and standard respectively, 
In the substitution case, the efficiency of the sphere changes as 
the sample is replaced by the standard so the illumination within the 
sphere is not directly proportJonal to the reflectance of the sample and 
standard. It can be shown (28, 9, 29) that 
B 
s 
B 
st 
= 
r (r - r )£ 
s st s s } 
{l - 1 - rd/s - r c/s 
rst s 
where r is the reflectance of the sphere coating, sis the area of the 
sphere, c is the area of the sample port, and d = s-a-b-c where a is the 
area of the beam entrance port (or ports) and bis the area of the de-
tector port. The quantity 
(r . - r )£ 
st s s 
r c 
1 _ rd __ s_ 
s s 
18 
is called the sphere error and occurs because of different efficiencies 
of the sphere when the sample and standard, respectively, are at the 
sample port. If the sample and standard are flat instead of being curved 
to fit the curvature of the sphere, then additional errors are introduc-
ed; this is at least an order of magnitude less than the previously dis-
cussed sphere error, but it does apply to both the substitution and the 
comparison methods (9). 
The integrating sphere attachment, as designed for a Beckman.DK-1 
spectrophotometer, is shown in Figure 4. The sphere itself is formed 
from two spun aluminum hemispheres obtained from Weber Brass Company. 
This device replaces the lid to the samp,le compartment, with the 45° 
mirrors aligned so as to cut the sample and reference beams and direct 
them to the openings in the top of the sphere where the standard and 
reference 'samples will be located. In the normal· operation of the DK-1, 
the sample beam undergoes two reflections at the hands of the beam 
splitting mechanism before entering the sample compartment and the ref-
erence beam undergoes two reflections after leaving the sample compart-
ment in the process of putting the two beams back together prior to 
sending them to the detectors. By interrupting this process with mirrors 
in the sample compartment, the reference beam thus undergoes·one reflec-
tion before striking the reference material and the sample beam undergoes 
three reflections before striking the sample material. It was intended 
that the device would operate as a comparison sphere, but the sample 
beam undergoes two more reflections than the reference beam, and alumin-
ized mirrors have a selective absorption centering on 850 mµ (31). The 
illumination of the sphere by the sample beam is therefore less than that 
of the reference beam near 850 mµ, so true double beam operation is not 
-Sample beam shutter · 
Reference beam 
mirror 
. ·';,-
19 
... Sample port 
· Sample beam mirror 
Figure 4. Integrating Sphere Attachment for D-K 1 Spectrophotometer 
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possible, If matched mirrors are available, then two additional reflec-· 
tions can easily be built into the reference beam to achieve true·double-
beam operation. Some advantage was·gained over single beam operation; 
however, as less instability and drift are to be expected (32), Data 
were taken with a roughened aluminum disk in the reference location to 
reduce the diff~rence betweel). the two beams, The reference and then the 
sample were run in the sample location, thus operating the sphere in the 
substitution mode. The actual operation of the sphere will be elabo-
rated on later. 
The cylinder on.the right of the sphere in Figure 4 houses ·the de-
tectors. In the IR range a B3-SA22 lead sulfide detector from Infrared 
Industries, Inc. , was used. In the visible range a 1P28 photomultiplier .• 
was used. With both detectors, power supplies external to the spectro-
photometer were used and the signal prepared for injection into the DK-1 
preamplifier at test point A (33). The signal strength from these two 
detectors was approximately equal at 800.mµ so this was chosen as the 
crossover point. 
Many materials and methods of application have been proposed for 
standards and the coating of integrating spheres, Budde (34) considers 
the effect of surface texture, particle size, purity, and.surface thick-
ness on the reflectance of Baso4 paints. Middletown and.Sanders (35) 
propose the use of carboxymethyl-cellulose as a paint binder and give 
the reflectance of both Baso4 and MgO paints prepared this way. The MgO 
paint has absorptions at 1.4 and 1.9µ which they attribute to water in-
corporation, Other paint formulations are discussed in \Scientific Papers 
of the Bureau of Standards f/4 7 4, (36) Brandenbe;rg and Neu· (37) have 
studied the directional reflectivity of MgO and Baso4 .and found that both 
21 
deviate from the ideal diffuser described by the Lambert cosine law. 
Dunn in N.B.S. Circular #279 (25) suggests the spraying of a Baso4-ben-
zene slurry onto a surface coated with a benzene soluble contact cement. 
Middleton and Sanders (38) have studied the reflectance of MgO in the 
visible range as a function of the method of preparation, aging, and 
U.V. irradiation. They found the preparation method to have a small 
effect; but more significant was reduction of about 1% in the blue re'"" 
gion with time, They later extended their work to the LR. (39) and 
found a sample. several days old develops absorption bands at 1.4, 1.9, 
and 2.35µ, They suspect this is due to water and the formation of 
brucite (MgOH), Even though the ASTM has adopted a smoked MgO surface 
as a reflectance standard (40) they admit that age and method of prepa-
ration are problems. McAloren (41) reports an improved method of pre-
paring reproducible MgO standards resulting in high uniform reflectance 
from 0.3µ to 2.6µ. He also found that if the powder bed is compacted, 
blue reflectance is uniformly decreased and that severe absorption bands 
at 1. 4µ and 1. 9µ occur. 
The MgO standard used in this study was prepared by burning short· 
lengths of Mg ribbon under a shallow aluminum cup. It was decided to 
accept the possibility of some aging and thus avoid variations in prepa-
ration. No absorption bands at 1.4µ or 1,9µ were observed. 
For the sphere coating, a sprayed Baso4-benzene slurry on rubber 
cement was attempted with a ·small laboratory freon-12 propelled unit. 
The results were unsatisfactory as benzene does not wet the Baso4 parti-
cles so they tend to clump together. If an equal portion of acetone is 
added, the slurry is smooth, sprays easily, and drys rapidly, The rubber 
cement coated hemisphere was heated slightly with a lamp before and be-
22 
tween applications of the slurry and unusually rough areas were smoothed 
with a soft brush between applications. The resulting coating was dur-
able (more so than smoked MgO surfaces) and fairly smooth. 
With the sphere thu~ con~tructed and coated, and with the roughened 
aluminum disk in the reference position, a reflectance spectra, with the 
MgO standard in the sample position, was made, The MgO was then replaced 
by a sample and its reflectance spectra, versus the aluminum disk, was 
made. These are both comparison.spectra; so are thus described by the 
equations 
= 
and 
= 
where rAl is not the true reflectance of aluminum, but an effective re-
flectance because of the difference in the optical paths previously 
noted for the sample and reference beams. 
In any case, rAl is a constant for all spectra made; so by dividing 
the above equations 
which says that even though the method used is a combination of compari-
son and substitution modes, the result is equivalent to the comparison 
mode and the sphere error, due to changes in the composition of the 
sphere wall, is effectively zero. This same result can be seen by 
23 
realizing that in the normal operation of the DI<-1, the electronics of 
the instrument adjusts the slit width (and thus the light intensity 
entering the sphere) to keep the electrical signal constant when the 
beam is.on the reference channel. Any reduction in sphere efficiency 
would therefore be counteracted.by an increase in light intenslty enter-· 
ing the sphere, making the effective sphere efficiency a constant. 
So that the reflectance of samples could be determined after.var-
ious treatments, a vacuum chamber with a provision for mild he.ifing of 
the sample was designed and constructed to fit over the sample port of 
\, 
the sphere, A quartz window covered both the standard and the sani,ple 
' ' during measurements and a copper-constantan thermocouple monitored the 
temperature of the copper slab to which the sample.was attached, For 
the purposes of analysis.of the data obtained irt this fashion, the car-
rections necessitated by the presence of the quartz windows have been 
assumed negligible, 
The samples were prepared from reagent grade Sno2 (Fisher, lot 
754993), They were pressed into 5 gram, 1 inch diameter disks by a 
pressure of 7,900 psi in a steel die. The samples were fired by placing 
them in.a cold, electric glowbar furnace, which was then raised to a 
specified temperature as quickly as possible, The disks were removed 
when hot, after a specified time, and allowed to cool in air, Table II 
summarizes these treatments. 
Sample #4 is doped with 0.7% ZnO by mixing the materials in an 
acetone slurry, agitating for 24 hrs., and then air drying before press-
ing. 
0 While firing sample #8, the temperature rose to 1440 C for a short 
time, approximately 4 hours, at which time the fuse blew, The sample 
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TABLE II 
SAMPLE PREPARATION TREATMENTS 
Time to reach Time at Total firing 
Sample No, Max. Temp. max. temp, max. temp, time 
1 
--------------------
not fired 
---------------
2 1240°C 14 hrs, 4 hrs. 18 hrs. 
3 1240°C 14 hrs. 30 hrs. 44 hrs, 
4* 1240°C 14 hrs. 70 hrs, 84 hrs, 
5 1240°C 14 hrs. 96 hrs. 110 hrs, 
6 1400°C 19 hrs. 6 hrs, 25 hrs, 
7 1400°C 19 hrs. 22 hrs. 41 hrs. 
8* 1400°C 19 hrs. 31 hrs. 50 hrs. 
* See Page 23, 
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slowly cooled in the furnace to 2oooc in 12 hours, which is not included 
in the time shown in Table II. 
Preliminary reflection measurements indicated that no significant 
change resulted from grinding and cleaning the sample surfaces; so, with 
the exception to be noted later, data were taken on the samples as they 
came from the furnace, 
CHAPTER IV 
EXPERIMENTAL RESULTS 
The integrating sphere thus constructed was used in the comparison 
mode to make spectra of both the samples and the MgO reference relative 
to a roughened Al disk. From these chart paper speq~ra (as directly 
produced by the spectrophotometer) values of the reflectance were read 
for a particular wavelength and then divided to give B /B which has 
s st 
been shown to be equivalent tor ·/r • Thus, a reflectance spectra of 
s st 
the sample relative to the.standard is generated point by point. 
In Figure 5 a comparison of the effect of firing at two different 
temperatures is made with the results from an unfiired sample. Note the 
crossing of the curves in the IR and the appearance of the shoulder near 
550 mµ. 
In Figures 6 and 7 the effect of firing time at both temperatures 
is observed. · 
In Figure 8 the effect of doping with 0.7'% ZnO is observed. 
For use in the.vacuum chamber a sample, having been given the same 
* 0 firing treatment as #2 (henceforth noted as 2 ), namely 1240 C for 18 
hours, was ground on both sides enough to make them flat. This sample 
was then cleaned in acetone with an ultrasonic cleaner and cemented to 
the copper slab on the end of the vacuum chamber heater using a thin 
layer of vacuum epoxy. 
* In Figure 9, the effect produced by exposing 2 to a mercury lamp 
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for 24 hours in air, after being kept in the dark for 24 hours is seen. 
Although the effect is small, it is reproducible with all samples and 
even detectable visually as a slight yellowing of the sample. No sig-
nificant change occurs in the IR region. A similar effect results from 
exposure to ordinary florescent 'light. In all cases, however, recovery 
is incomplete over a period of a few days. 
In Figure 10 the shift in the apparent absorption edge due to mild 
heating of the sample is seen. Recovery from this treatment is complete. 
The remainder of the spectrum is unaffected. 
Attempts were made to detect the chemisorption of oxygen by changes 
in reflection. Mild heating in N2 and o2 as well as vacuums below 10µ 
were used but no significant change in reflectance was observed. 
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CHAPTER V 
CONCLUSIONS 
In an earlier study, Rutledge (42) found the grain size of Fisher 
certified reagent Sno2 powder to be 0.5 microns by nitrogen absorption 
techniques.· Matthews (43), using photographic techniques, found pure 
Sn02 fired to 1175°C for four hours, to have one micron grains and when 
fired to 1460°c for four.hours to have five micron grains. Clearly the 
grain size increases upon.firing and with the firing temperature and 
longer firing times would be expected to further increase the grain size. 
Matthews (44) earlier found the density of the ceramics to increase with 
both firing time and temperature. 
Schatz (45, 46) studied the effect of pressure on the spectral re-
flectance of many materials. He concluded that for transparent parti-
cles, especially white oxides, a large decrease of reflectance occurs 
with increasing pressure. His proposed explanation was that compaction 
decreases the space between particles and therefore reduces the total 
internal reflection that occurs, thus increasing transmission of the 
material. It can be shown that radiation can propagate across a thin 
film of.low index of refraction material that is between higher index of 
refraction materials even though the angle of incidence at the first 
surface exceeds the critical angle (47). This effect increases with 
wavelength, is known as frustrated total reflection, and justifies 
Schatz's explanation. Schatz (45, 48) also studied the effect of sin-
35 
tering temperature on the reflectance of several metal oxides. His con-
clusion, of significance here, was that actual sintering would also re-
sult in a decrease in the distance between particles and thus a decrease 
in reflection. 
Keeping in mind that the scattering contribution to the reflection 
is wavelength-dependent and is a maximum when the particle size matches 
the wavelength, a possible explanation of the qualitative reflectance 
changes observed in Figures 5 through 7 can be proposed. 
Presumably, two simultaneous competing effects are occurring. As 
sintering begins, compaction results and the overall reflectance de-
creases~ The longer wavelengths would experience the frustrated total 
internal reflection to a greater.extent, so the reflectance in the IR 
would decrease the most because these wavelengths penetrate further into 
the sample, With either increased firing time or temperature, the effect 
would be increased as greater compaction would occur. At the same time, 
the average grain size is increasing from a low of 0.5 microns. There-
fore, the region in the spectrum where the maximum contribution from 
scattering occurs, is moving out into and through the IR range. This 
will tend to increase the IR reflection. It is felt that the compaction 
process is relatively rapid as compared to the increasing grain size 
process so that the first effect observed is a decrease in reflection. 
The combination of these processes is observed to always reduce the re-
flection below that of the powdered sample. 
Many authors have used reflectance or transmission experiments on 
crystalline slabs, from which absorption coefficients can be found, to 
determine the absorption edge in semi-conductors and thus the band gap, 
Moss· (49) defines the absorption edge "as the point where t:he slope of 
36 
the absorption coefficient is a maximum" and then goes on to show that· 
this corresponds to the point where the absorption coefficient is half 
its short wavelength value. 
the energy gap. 
He uses this well known A1 point to obtain ~ 
Fochs (50) found that the diffuse reflection spectra from semi~ 
conductors plotted versus decreasing photon energy shows a linear in-
crease in the neighborhood of the absorption edge and he ·uses the onset·· 
of the linear region, on the short wavelength side, to define the ab-
sorption edge, The criteria of Moss and Fochs appear to be·essentially 
equivalent, 
The shape of the main absorption edge depends on whether the direct 
optical transition is allowed or forbidden, Indirect or phonon-assisted 
transitions may also affect the absorption edge shape, particularly at 
its lower photon energy end, B.ecause of limited data, only a modest 
attempt could be made at searching for an energy gap value and emphasis 
was placed on the allowed direct transition analysis in view of the re-
sults of Sununitt, Marley, and Borelli (3) on Sno2 single crystals. 
McLean· (51) developed a theory for the absorption coef fi.ceint de-
pendence on energy in direct transitions and Karvaly and Hevesi (52) use 
this method in their study of the.diffuse reflectance spectra of vanadium 
pentoxide powder, with good results, For an allowed direct transition, 
l 
the absorption coefficient varies as [hv - Eg]~/hv and for a forbidden 
direct transition, as [hv - Eg] 312!hv where Eg is the band gap. 
k 
Smith (53) developes a simpler result, namely kcx:(hv - Eg) 2 for al-
lowed direct transitions and kcx:(hv - Eg) 312 for forbidden direct transi-
tions, but states his results are valid only for a limited range of hv 
values. For the range of hv values around hv = Eg, these expressions 
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are in reasonable agreement with the formulation of McLean. Lyashenko 
and Miloslavskii (5) use the simpler result in their analysis of .thin 
Sno2 films, while Summitt, Marley, and Borelli (3) also use the simpler 
form in their analysis of Sno2 single crystals. 
For this study, the absorption coefficient'must be replaced by a 
quantity proportional to it, The K-M remission function is proportional 
to the K~M absorption coefficient which has previously been shown to be 
identifiable with the traditional.absorption coefficient. Karvaly and 
Hevesi (52) used this type of substitution in the visible range'to 
analyze their vanadium pentoxide spectra. However, the Simmons model 
says that (ln R) 2 is proportional to the absorption coefficient :and it 
was decided to test this approach rather than one based 
r B 
s s 
mission function. Since, as we have seen,-;----- = B 
st B st· 
very nearly a constant, we can conveniently use Bs · in 
st 
B 2 
[ln / ] 
st· 
[hv.,. Eg]~ 
for allowed direct transitions. cc. --.... h_v __ _ 
2 
ori the K-M re-
with rst being 
place of R leaving 
Now, if a plot 
B 2 
of [(ln f-> hv] versus hv shows a linear portion, an allowed direct 
st 
transition is assumed.to occur with the straight.line intercepting the 
energy axis at Eg, 
Figure 11.shows plots of relative reflecta~ce versus photon energy 
for samples (11 and 118. Using the criterian of Fochs, sample Ill shows a 
band transition of, around 3. 65 ev whereas sample 118 shows its first 
linear increase at 3.6 ev. Since polycrystalline materials have random 
crystal orientations and since unpolarized light is used, this energy 
can represent·only an,"effective" energy gap weighted by the two propa-. 
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gation possibilities, El/ C and El. C. 
Sample #8 shows a slight shoulder at 2,9 ev, a very apparent should~ 
er near 2,2 ev, and other less certain features at 1.8 ev, 1.4 ev, and 
0,95 ev, where sample #1 also shows a slight reflectance dip. Both 
samples indicate a more distinct change at 0,65 ev while sample #8 has 
an addi,,tional dip at O. 55 ev, It should be noted that · the curve· of 
sample #1 was drawn through some slight variations in reflectance in a 
smooth manner, as these variations were deemed to not be resolved suf-
ficiently to be shown. 
The reflectance changes described above are thought to be associat-
ed with absorption transitions arising from the presence.of impurity or 
other defect states in the forbidden gap. The density of these states, 
and thus the absorptions associated with them, ~ight well be a function 
of the firing conditions. This is a possible explanation for the con-
tinued reduction in relative reflectance of the higher energy half of 
the visible spectrum as seen in Figures 5 through 7. Other evidence for 
a transition at 2,2 ev comes from visual observation of the samples as 
they are removed from the furnace. As they cool, there is a persistent, 
distinctive, yellow emission from all samples. The eye interprets, as a 
yellow color, a narrow band of wavelengths centered around 0,580 microns, 
An electronic transition from the conduction band.into a level 2,15 ev 
below this would account for such a color. This is probably due to a 
recombination process in which electrons drop from the conduction band 
into a level 2,2 ev below this band as cooling occurs. 
The graphical methods. that are based on the shape of the short wave-
length side of the absorption edge cannot be used very successfully or 
reliably here, as the data in this region are very limited in the present· 
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study and the reflectance is low enough to place·the Simmons model in 
question. However, Figure 12, which is based on this method, does give 
an indication of an absorption edge energy of 3.42 ev which is roughly 
5% less than the EiC direct gap determined on single crystals by 
Summitt, Marley, and Borelli (3). This is probably fortuitous. 
Data from the Sno2 powder shows a relative reflectance of 0.65 at 
0.35 microns wavelength. Using the Simmons model and assuming the grain 
size to be 0,5 microns and the index of refraction to be 2.0, we calcu-
late the absorption coefficient to be 2.1 x 103 cm-1 • This calculation 
is sensitive to grain size and doesn't really fit the Simmons model, 
which as we have noted, assumes A to be much smaller than the particle 
size. The result is, however, near the range that would be expected for 
allowed transitions. 
Figure 10 shows the temperature shift of the reflectance spectra. 
Taking a relative reflectance of 0.30, which is a reasonable estimate of 
the start of the absorption edge, an estimate of the absorption edge 
-4 0 temperature shift is found to be -8.7 x 10 ev/ K. Again, this is in 
acceptable agreement with several values quoted in.Chapter I. 
Finally, the reduction in,reflection seen in.Figure 9, due to ex-
posure to radiation from a mercury lamp, cannot yet be explained. Simi-
lar optical degradation effects have been reported by others, however. 
Filimonov (54) reports a reduction in the overall transmission of an 
Sno2 thin film when exposed to mercury lamp radiations and shows that 
partial recovery results when oxygen is allowed to surround the sample. 
A comparable recovery was never indicated in this study. The Lockheed 
Palo Alto Research Laboratory (55) found that a reduction in both the 
visible and IR reflectance of ZnO ceramics occurred upon.exposure to 
\ 
\ 14 
)\ 10 
0\ 
x 
N 
,---
?,, ' 
N ..c 
...- ~ 
ai"'lm-= 
c 
-......... _.., 
I I 2 
3.3 3.4 3.5 
h\J (ev) 
3.6 3.1 
Figure 12.. Extrapolation to Find an Allowed Band Transition 
3.8 
;i:,,. 
,..... 
42 
solar radiation, The IR recovered upon exposure to oxygen out the visi-
ble range damage never recovered, 
In Figure 8 a reduction in reflection across·the entire spectrum 
due to doping with 0.7% ZnO is seen, Moss (49) says that impurity ab-
sorption in impure semi-conductors may appear as a·wide continuum ex-
tending, to energies as great as those of the main.absorption edge, Thus 
impurity absorption can account for at least part of the overall reduc-
tion observed. 
It has been shown.in this study that with relatively simple tech-
niques, polycrystalline materials can yield the same type of information 
as single crystals with, however, less precision in m~ny cases, Several 
possibilities for further study naturally suggest"themselves, For exam-
ple, if the short wavelength region could be· extended·· and more data 
generated (by sweeping the wavelength more slowly while the.chart speed 
remains the same) in the same region, then a better measure of the band 
gap and its variation _with temperature might be achieved, 
Some of the polycrystalline Sno2 samples prepared by Matthews (44) 
had pink or blue colors. Every attempt to intentionally duplicate such 
colors failed; however, a few samples had tiny blue spots on them as 
though a small particle.of impurity fell on the.surface and produced the 
color during firing. One sample shattered during firing and·a large 
piece fell between the fire brick and the furnace mantle, This fragment 
had a uniform blue color which indicates that an impurity from the mantle 
was the likely cause of the blue color, Intentional doping with various. 
materials to produce colored samples would make an interesting optical 
study, 
High speed spectrographic studies of the emissions from a.cooling 
43 
sample right out of the furnace might also yield inter~sting information 
on recombination processes. 
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